Introduction
Breast cancer is the major type of malignancy affecting women from western industrialized countries. Five -ten per cent of the breast cancers occur in genetically predisposed families, and germline mutations in two tumour suppressor genes (BRCA1 and BRCA2) account for more than 65% of these familial forms (Ford et al., 1998) . Two major arguments suggest that breast cancer cells might be deficient in DNA double-strand break (DSB) repair. First, FISH, standard karyotype and more recently multicolour analysis of breast cancer cells have revealed a very high frequency of chromosome rearrangements (Davidson et al., 2000; Forozan et al., 2000; Kytola et al., 2000; Loveday et al., 2000) . Second, recent advances in the study of the functions of BRCA1 and BRCA2 tumour suppressor genes indicate that their products play important roles in DSB repair and chromosome stability (Khanna and Jackson, 2001; Patel et al., 1998; Shen et al., 1998; Moynahan et al., 1999 Moynahan et al., , 2001 Snouwaert et al., 1999; Yu et al., 2000) .
Two main pathways exist in eukaryotic cells to repair DNA DSBs: homologous recombination (HR) and non-homologous end joining (NHEJ). While HR requires extensive homology, and is conducted by proteins from the Rad52 epistasis group (reviewed in Khanna and Jackson, 2001 ). NHEJ does not require homology and can rejoin broken DNA ends directly end-to-end. DNA-PKcs, Ku70, Ku80, XRCC4 and DNA ligase IV have been shown to be major components of this pathway (Khanna and Jackson, 2001) .
BRCA1 or BRCA2 loss-of-function mutations have been reported only in familial breast cancers but not in sporadic cases. This observation suggests that other genes, distinct from BRCA1 or BRCA2 but also involved in DSB repair pathways might be targets of inactivating mutations in non-hereditary cases of breast cancer. The screening for mutations of candidate genes, involved in HR, have presently not identified recurrent alterations (Bell et al., 1999; Hiramoto et al., 1999; Matsuda et al., 1999) . Recent reports also suggest that the NHEJ pathway plays a major role in the maintenance of genome integrity. Indeed, mouse cells deficient in DNA -PKcs, XRCC4, DNA ligase IV, Ku70 or Ku80 exhibit spontaneously high degrees of chromosome instability suggesting that these genes also function as caretakers that maintain genome integrity (Karanjawala et al., 1999; Difilippantonio et al., 2000; Ferguson et al., 2000; Gao et al., 2000; d'Adda di Fagagna et al., 2001) .
To further evaluate a possible involvement of a deficient NHEJ in breast oncogenesis, we have used an in vitro assay to test this pathway in cell-free extracts. Indeed, extracts from various species are able to convert in vitro linearized plasmid substrates into various repaired molecules (RM) including monomeric covalently-closed circles (ccc), open circles (oc) and multimeric linear molecules (Daza et al., 1996; Feldmann et al., 2000; Hanakahi et al., 2000) . In order to set up the optimal experimental conditions, plasmid substrates with cohesive (pSP65-B) or non-cohesive ends (pSP65-BP) were incubated with extracts from the malignant rhabdoı¨d tumour derived MON cell line which exhibits an almost normal karyotype suggesting the integrity of the DSB repair pathways (Versteege et al., 1998) . Quantification of the above-mentioned RM along time course experiments are shown in Figure 1 . For subsequent experiments, the 3 h time point at which the various molecules can be clearly identified was used. A dose dependent inhibitory effect of wortmannin, an inhibitor of various PI3-kinases including DNA -PKcs (Rosenzweig et al., 1997) , upon the formation of RM in MON extracts was observed ( Figure 2a ). Similar inhibitory effects of wortmannin were observed with protein extracts from the three other control cell lines characterized by a limited number of chromosome alterations: 1BR3 (human primary fibroblasts), A673 (Ewing tumour cell line) and SK-N-SH (neuroblastoma). In addition, extracts from the DNA -PKcs deficient MO59J cell line were unable to process DSB substrates ( Figure 2b ) demonstrating that the RM generated in this assay were the result of a DNA -PKcs-dependent NHEJ process.
Extracts from eleven sporadic breast cancer cell lines (BCCLs), one familial breast cancer with a deficiency for BRCA1 (HCC1937) and one pancreatic cell line with mutations of the BRCA2 gene (CAPAN 1) were prepared and tested in vitro for NHEJ using the pSP65 plasmids with cohesive and non-cohesive ends. For each extract, the amount of each RM was quantified by phosphorimager analysis (Figure 3) . In most cases, the efficiency of processing of cohesive versus noncohesive ends was similar (data not shown) except ZR-75-30 which was twice more efficient for cohesive ends and T47D which processed more effectively the noncohesive substrate. The repair efficiency of most BCCLs was within the range of controls, except for MCF7, MDA-MB-453 and SKBR3 for the template with cohesive ends (Figure 3a) . The two latter BCCL also displayed a decreased efficiency with the noncohesive ends pSP65-BP substrate (Figure 3b) . These results were observed on two independently prepared extracts indicating that these differences could not be attributed to variations in the extract preparations. Interestingly, both BRCA1 and BRCA2 mutated cell lines exhibited a level of in vitro NHEJ similar to that of the controls. (Versteege et al., 1998) were prepared according to Feldmann et al. (2000) . Rejoining of non-complementary ends was tested by incubation of 40 -45 mg of extracts with 10 ng of substrate (pSP65-BP) containing abutting ends (5'-and 3'-overhangs), generated by a PstI and BamHI double digestion of the previously described 4.2 kb pSP65/l (Pfeiffer et al., 1994) . (a) Reactions were stopped at the times indicated (in minutes) and products were analysed by agarose gel electrophoresis and Southern blotting with a pSP65-specific radiolabelled probe. (b) PhosphorImager quantification of the substrate and repaired products. Ccc, covalently close circle; oc, open circles; multi, multimers To assess the accuracy of the rejoining of complementary and non-complementary ends, DNAs were purified from NHEJ reaction time points and used to transform E. coli. No colonies were observed with extracts taken immediately after mixing template DNA and protein extract (t 0 time point), indicating the absence of transforming ccc in the input DNA and the inability of E. coli to circularize the DNA. In contrast, colonies were observed with all extracts except MO59J at the 3 h time point. The accuracy was studied using sensitivity to cleavage with restriction endonuclease on plasmid DNA prepared from individual colonies. Accurate ligation of the cohesive or non-cohesive ends restores the BamHI or PstI restriction sites, respectively (Thode et al., 1990; Feldmann et al., 2000) . More than 80% of the pSP65-B molecules were accurately religated in all cell-free extracts tested (data not shown). In contrast, the accuracy of repair of the pSP65-BP was more variable, ranging from 25% for Hs-578T to 80% for A673 (Figure 4) . For all tested cell lines, most non-accurately joined molecules harboured deletions limited to the single-stranded overhangs of the original substrate (Figure 4 ). Other types of junctions were more rarely observed. These results indicate that in most cell lines, DSBs were repaired with a high accuracy. However, in a few cases, being either BCCLs (Hs-578T and SKBR3), or control cell lines (1BR3 and SK-N-SH), rejoining of DNA ends was frequently associated with a mutagenic process.
Finally, proteins of the heterodimeric Ku-complex (Ku86 and Ku70) and the DNA ligase IV were readily detected in all extracts ( Figure 5 ). As expected, the DNA -PKcs was not observed in extracts from the DNA -PKcs-deficient MO59J cell line. It was detected in all other extracts. The XRCC4 protein appeared to be expressed at various levels.
Our results clearly indicate that sporadic BCCLs, characterized by extremely rearranged karyotypes, always exhibit an in vitro NHEJ activity much higher than that of the two negative controls, DNA -PKcs deficient cells and wortmannin treated extracts. In most cases, the NHEJ efficiency and accuracy of BCCLs extracts were similar to those of positive controls which harbour specific and limited genetic abnormalities. This therefore suggests that a deficient NHEJ pathway is not responsible for the chromosome instability of BCCLs. However, two cell lines (SKBR3 and MDA-MB-453) demonstrated reproducibly a decreased efficiency of in vitro NHEJ for the two substrates. These results are reminiscent of what was observed in Ku-80 deficient hamster cells (xrs6) in which a twotenfold decrease of in vitro NHEJ was observed for the same substrates (Feldmann et al., 2000) . However, Western blot analysis of SKBR3 and MDA-MB-453 Figure 4 Analysis of in vitro NHEJ accuracy of repair for the pSP65-BP substrate. DNA from 3 h time point reactions was purified and used to transform competent E. coli DH5a cells. Plasmid DNAs from 48 ampicilline-resistant colonies were analysed by cleavage with the PstI restriction endonuclease. Accurately repaired molecules (open bars) demonstrated the presence of a PstI site. PstI-resistant clones were further analysed by sequencing with the Big Dye-terminator sequencing Kit and analysed on an A373 sequencer (Perkin Elmer, France). Junctions with limited degradation of the original single-stranded overhangs (black bars) and more extended degradation into the flanking duplex or complex associations of deletions and insertions (grey bars) were identified Figure 5 Western blot analysis of the cell-free extracts for the major proteins involved in the NHEJ process. A total of 30 mg of each of the cell-free extracts were separated by SDS -PAGE and transferred onto nitrocellulose membrane by electroblotting. Goat polyclonal antibodies directed against XRCC4 (sc-8285), DNA -PKcs (sc-1552) and Ku86 (sc-1485) were obtained from Santa Cruz (Tebu S.A., France). Mouse monoclonal against Ku70 (2C3.11) and rabbit polyclonal against DNA ligase IV (6145) were obtained from Abcam Limited (Cambridge, UK). Proteins were visualized using BM Chemiluminescence Blotting substrate (POD) from Roche Molecular Biochemicals (Meylan, France) demonstrated that the expression levels of Ku80, as well as those of DNA -PKcs, Ku70 and DNA ligase IV, were not decreased. Although the XRCC4 level varied importantly from one extract to the other, it was not correlated with NHEJ efficiency and accuracy suggesting that low levels of this molecule are sufficient to promote ligase IV dependent DNA rejoining. In addition, it can be anticipated that the NHEJ process also depends on yet unidentified proteins that could appear to be deficient in these two cell lines.
Of interest was the inclusion in this study of two cell lines with known deficiency of BRCA1 (HCC1937) and BRCA2 (CAPAN-1) , which had not been tested previously for in vitro NHEJ. Extracts from these two cell lines demonstrated efficiency and accuracy of in vitro NHEJ similar to those of control cell lines. These data support previous findings indicating that BRCA1 and BRCA2 are not essential players of the NHEJ process, in particular the fast DNA -PKcsdependent rejoining of radiation-induced DSBs is not affected in the HCC1937 BRCA1-deficient cell line .
Altogether, these results suggest that no major alteration of the NHEJ process can be detected in highly unstable sporadic BCCLs as compared to genetically stable control cells. However, we could detect subtle differences in at least two cell lines, which could be of interest for further investigation of the NHEJ pathway. Finally, it remains to be tested whether an abnormal HR pathway, a feature of BRCA1 or BRCA2 deficient cells, may also contribute to the genetic instability and tumorigenesis in sporadic breast cancer.
